Introduction
============

Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is an inherited angiopathy caused by mutations in the Notch3 gene.[@B1] The characteristic features include recurrent ischemic stroke, migraine, mood disturbances, apathy, and cognitive impairment.[@B2] Cognitive impairment is the second most frequent clinical manifestation, with executive dysfunction and slowness of cognitive processing speed present in most patients.[@B3] The cognitive profile in CADASIL is characteristic of vascular dementia and is similar to that reported for sporadic subcortical ischemic vascular dementia.[@B4]

MRI plays a major role in the diagnosis of CADASIL. Typical MRI findings include multiple focal lacunar infarcts and diffuse T2-weighted hyperintensities of the cerebral white matter.[@B5] Recent MRI studies have shown that cognitive impairment is associated with neuroimaging measures in CADASIL, but that there are conflicting results.[@B6]-[@B11] Some researchers have observed an association between the number of lacunar infarctions and the severity of cognitive impairment,[@B6]-[@B8] while other also found cognitive impairment to be associated with ventricular enlargement,[@B8] brain atrophy,[@B9] and cerebral microbleeds (CMBs).[@B8],[@B10]

In the present study we examined several different MRI parameters and determined their effect on cognitive impairment in patients with CADASIL.

Methods
=======

Between April 2008 and May 2009, we enrolled 59 consecutive patients who had genetically confirmed CADASIL. Patients who did not undergo a prospective MRI protocol (*n*=8) or a comprehensive neuropsychological protocol (*n*=11) were excluded, resulting in the final inclusion of 40 patients in the study. The vascular risk factors were recorded, including hypertension, diabetes mellitus, and hypercholesterolemia. Hypertension was defined as blood pressures of \>140/90 mm Hg on different oc-casions or use of an antihypertensive agent. Diabetes mellitus was defined as a fasting glucose level of ≥126 mg/dL, a PP2 test level of ≥200 mg/dL, or the use of antidiabetes medication. Hypercholesterolemia was defined as a total serum cholesterol level of \>240 mg/dL. This study was approved by the institutional review board, and informed consent was obtained from patients.

All patients received a standardized battery of neuropsychological tests. Global cognitive function was assessed with the Mini-Mental State Examination (MMSE)[@B12] and the Alzheimer\'s Disease Assessment Scale-cognition (ADAS-cog),[@B13],[@B14] which includes tests for orientation, language, ideational and constructional praxis, and memory. Executive function was assessed using the Trail-Making Test part B (TMT-B)[@B15]-[@B17] and the color interference section of the Stroop Color and Word test (Stroop IF).[@B18] The neuropsychological examinations were performed by a trained neuropsychologist who was blinded to the patients\' imaging results.

MRI scans were obtained with a 1.5-T system (Siemens, Sonata, Germany). The brain imaging protocol, which used a slice thickness of 5 mm and an interslice gap of 1.5 mm, employed the following parameters: T1-weighted images \[time to echo (TE)=9.3 ms and time to repeat (TR)=550 ms\], T2^\*^-weighted gradient echo planar images (TE=20 ms and TR=600 ms), and fluid attenuated inversion recovery (FLAIR) images (TE=135 ms, TR=8,100 ms, and inversion time=2,100 ms).

Lacunar infarcts were defined as parenchymal defects not extending to the cortical gray matter with a signal intensity of cerebrospinal fluid in all sequences and more than 2 mm in diameter. The total number of lacunar infarctions was counted manu-ally by two observers. Lesions located in the lower third of the corpus striatum of the basal ganglia were excluded.[@B19]

CMBs were defined as focal areas of round signal loss on T2^\*^-weighted gradient echo planar images with a diameter of less than 10 mm.[@B20] The total number of CMBs was counted manually by two observers. Areas of symmetric hypointensity in the basal ganglia were excluded.

White-matter hyperintensities (WMHs) were defined as white-matter areas with increased signal intensities on FLAIR images. All FLAIR axial sections from the base of the cerebellum to the vertex were analyzed. A masking and thresholding technique was used (Analyze 8.1, Biomedical Imaging, Mayo Clinic, Rochester, MN, USA) ([Fig. 1](#F1){ref-type="fig"}). The total volume of WMHs was calculated automatically by multiplying the lesion area by the section thickness. WMH volume was normalized for total brain volume by dividing the individual WMH volume by the intracranial cavity volume \[normalized WMH volume (nWMH)\]. WMH volumes were measured by two investigators who were blinded to the clinical data.

Data were analyzed using SPSS statistical software (version 12.0). The correlation between MMSE, ADAS-cog, and Stroop IF scores, and time to completion of the TMT-B versus MRI parameters (number of lacunes, number of CMBs, and nWMH) were analyzed by Spearman correlation, corrected for potential confounding by age. Linear regression models were used to assess the relative contribution of MRI parameters on clinical scales. Independent variables were the education level, number of lacunes, number of CMBs, and nWMH. We first used univariate regression models, followed by multivariate models. A *p* value of less than 0.05 was considered to be indicative of statistical significant.

Results
=======

Descriptive data for all participants are reported in [Table 1](#T1){ref-type="table"}. Twenty-five (62.5%) of the 40 patients were men. The patients were aged 58.1±9.9 years (mean±SD; range, 38-74 years). The sites of the mutations were R544C (*n*=37), R578C (*n*=2), and R75P (*n*=1). Thirty-six subjects were symptomatic and 4 were asymptomatic. Ischemic stroke was the most frequent manifestation (*n*=20), followed by chronic headache (*n*=9), dementia (*n*=3), intracerebral hemorrhage (*n*=3), and seizure (*n*=1). Hypertension was present in 19 patients. Other risk factors included diabetes (*n*=2), hypercholesterolemia (*n*=7), and history of smoking (*n*=16). Twenty-four patients (60%) had lacunar infarctions, with 7.0±6.1 (range 1 to 20) per patient. CMBs were found in 21 (52.5%) patients, with 12.0±18.1 (range 1-81) per patient. The nWMH was 3.5±1.9.

The MMSE and ADAS-cog scores were 27.9±2.9 and 11.8±8.0, respectively. After adjustment for age, a significant association was found between the number of lacunes and the scores on all cognitive tests except TMT-B. A univariate analysis ([Table 2](#T2){ref-type="table"}) revealed an association between the MMSE score and the number of lacunes (*p*=0.005). Furthermore, the ADAS-cog score was associated with the number of lacunes (*p*\<0.001) and nWMH (*p*=0.002). The total number of lacunes and nWMH showed trends toward poor performance in the TMT-B (*p*=0.084 and *p*=0.083, respectively). The Stroop IF score was associated with the number of lacunes (*p*\<0.001) and nWMH (*p*=0.019). There was no significant association between the scores on any of the cognitive tests and the number of CMBs. A higher education level was associated with better performance in all cognitive tests except the Stroop IF.

The results of the multivariate regression analysis are summarized in [Table 3](#T3){ref-type="table"}. The number of lacunes was an independent predictor of cognitive impairment for all cognitive tests in the multivariate analysis. There was also a significant independent effect of education level on all cognitive tests. nWMHs was associated with ADAS-cog and Stroop IF scores. However, the multivariate analysis found no significant association with nWMHs.

Discussion
==========

We found that the number of lacunes was the most important predictor of cognitive impairment in patients with CADASIL. Of the candidate variables investigated in our study, education level, number of lacunes, and nWMH showed univariate associations with cognitive scales. However, only the number of lacunes and education level remained significant in multivariate modeling. This is consistent with previous studies finding an association between the number of lacunar infarctions and the severity of cognitive impairment.[@B6]-[@B9] The association between MRI parameters and clinical scales (cognitive function and disability) has been described previously for Caucasians.[@B6]-[@B10] However, no studies have investigated clinical and MRI correlates in Asian patients with CADASIL. This is the first study to demonstrate that the number of lacunes is a major contributor to cognitive impairment in non-Caucasian CADASIL patients.

Our data show that the number of lacunes is negatively correlated with specific executive function as well as global cognitive function. The number of lacunes was independently associated with Stroop IF scores, which were sensitive discriminators between patients with CADASIL and healthy subjects in the early disease stages, as reported previously.[@B3] In addition, lacunar infarcts were independent predictors of global cognitive decline as assessed by MMSE and ADAS-cog. ADAS-cog is one of the most widely used scales for measuring cognitive impairment. However, an association between the number of lacunes and ADAS-cog scores has not been described before in CADASIL.

It is unusual that no significant correlation was found between the number of lacunes and time to completion of the TMT-B in the present study. However, there was a trend toward an association between the number of lacunes and poor performance in the TMT-B (*p*=0.084). Moreover, a significant association was found between these two parameters after correcting for age and education level (*p*=0.04, *r*=0.35).

Recent studies of the relationship between CMBs and cognition have produced conflicting results, with some showing no association between the two,[@B6],[@B7] whereas others indicating a possible association with cognition.[@B8]-[@B10] One prospective study found longitudinal associations between CMBs and cognitive decline.[@B8] However, the number of patients in that analysis (*n*=25) was too small to draw definitive conclusions. Our study found that CMBs were not associated with cognitive scales in the univariate analysis. We cannot exclude the possibility that CMBs contributed to cognitive impairment in CADASIL. However, our results suggest that the impact of CMBs on cognition is less significant than that of the number of lacunar infarctions.

We also found that the association between nWMHs and cognitive scales was present in the univariate analysis, but this association disappeared in the final multivariate model. These findings are in line with previous studies showing the importance of lacunar lesions but not WMH volume in patients with CADASIL.[@B6]-[@B9]

Our study was subject to several limitations. First, the number of lacunar infarcts and CMBs at each cerebral location were not quantified, and hence we were unable to determine the correlation between regional MRI abnormalities and cognitive scales. Second, we were not able to measure the volume of individual lacunar infarcts and CMBs, which may have affected cognitive deficits. Third, we could not evaluate the degree of brain atrophy, which has been reported to be an important predictor of cognitive impairment. Finally, R544C in exon 11 accounted for 92.5% of the mutations in our study. Thus, our findings may not be fully representative of the wider CADASIL population.[@B21],[@B22]

In conclusion, we found that the total number of lacunes was associated with poor performance in the MMSE, ADAS-cog, and Stroop IF. These findings suggest that the number of lacunes can be used as a predictive factor of cognitive impairment in non-Caucasian patients with CADASIL. However, since this was a cross-sectional study, further prospective studies are needed to elucidate the association between MRI parameters and cognitive impairment.
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Demographic, cognitive, and MRI data of the study subjects
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Data are mean±SD or *n* (%) values.

MMSE: Mini-Mental State Examination, ADAS-cog: Alzheimer\'s Disease Assessment Scale-cognition, Stroop IF: Stroop interference, nWMH: normalized volume of white-matter hyperintensities, CMBs: cerebral microbleeds.
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Univariate analysis of the effect of MRI parameters on cognitive function
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Lacunes: number of lacunar infarcts, beta: standardized beta, ns: not significant at *p*=0.05.

nWMH: normalized white-matter hyperintensities volume, CMBs: cerebral microbleeds, MMSE: Mini-Mental State Examination, ADAS-cog: Alzheimer\'s Disease Assessment Scale-cognition, TMT-B: Trail-Making Test part B, Stroop IF: Stroop interference.

###### 

Multivariate analysis of the effect of MRI parameters on cognitive function after adjustment for age and years of education
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nWMH: normalized white-matter hyperintensities volume, CMBs: cerebral microbleeds, MMSE: Mini-Mental State Examination, ADAS-cog: Alzheimer\'s Disease Assessment Scale-cognition, TMT-B: Trail-Making Test part B, Stroop IF: Stroop interference.
